Techniques are presented for obtaining time -resolved sequences of holograms and holographic interferograms of a shock wave impinging on a model in a shock tube. Several images are multiplexed on a single frame of film using a stationary, focused object beam and an angularly swept reference beam. At the reconstruction stage, the direction from which the reconstruction beam is shone determines which image is observed. In the original implementation, angular sweeping of the reference beam was achieved by the combination of a flat spinning mirror with a circular mirror that redirected the light on a fixed area of film. The holographic light source was a ruby laser, multiply Q-switched by a Pockels cell at rates of up to 20 thousand pulses a second.
BACKGROUND
Holographic methods have become fundamental optical tools in the field of shock wave research, together with shadowgraphy, schlieren photography and conventional interferometry. 1 All these techniques take advantage of the change in the refractive index of a gas under the effect of a shock wave to visualize the shock fronts and the density distribution behind them. Depending on the method, either the deflection of light rays traversing a large density gradient in the medium (shadowgraphy, schlieren) or the local change in optical path length with respect to a reference path (interferometry) form the basis for the visualization. It follows from this that shadowgraphy and schlieren photography only reveal the shock fronts and large density gradients, whereas interferometry maps the density distribution over the observed area.
A major advantage of holographic interferometry compared to conventional interferometry is that, at each point of the field of view, the reference path and the image path are spatially coincident but temporally separated, so that path length differences are only introduced by the time-varying phenomenon under study and not by the characteristics of the optical equipment. This effect, which allows the use of the method with test sections of mediocre optical quality, is achieved by superimposing two holograms of the same scene taken at different times so that the reconstructed images interfere with each other. Any local shift in the phase of either wavefront with respect to the other, introduced by a variation in the optical path length through the phenomenon being studied, will result in visible fringes. In the most common implementation of the method, double pulse holographic interferometry, the two holograms are recorded on the same film by two laser pulses, one fired at the desired time during the phenomenon and the other at some convenient reference time. The optical system should remain unchanged between the two pulses -with the exception of the phenomenon itself -unless the introduction of additional fringes is sought for specific purposes.
Phenomena such as shock wave reflections in a shock tube, which evolve in a few milliseconds, are most conveniently studied by taking a series of photographic recordings separated by time intervals of the order of a few tens of microseconds. The use of a strobed light source with narrow pulse width, such as a ruby laser, effectively freezes the moving wave in each frame with a minimal amount of smear. Separation of individual frames is conventionally achieved by storing them on different areas of the recording medium (spatial multiplexing), either by displacing the film itself or by sweeping the image, via a rotating prism, along a stationary film mounted on a cylindrical surface. Holographic interferometric studies of shock tube flows, on the other hand, are customarily conducted by recording a single frame during an experiment, and relying on a series of similar experiments to build a temporal sequence by progressively delaying the laser pulse.' Apart from the inconvenience of having to fire the shock tube several times, the accuracy of this approach is limited by the lack of absolute repeatability of the experiments. The work presented here is part of an ongoing project aimed at converting a single -frame holographic interferometer to a practical multiplexed recording system.
CHOICE OF MULTIPLEXING TECHNIQUE
Spatial multiplexing in various forms has been used by several workers to generate multiframe holographic recordings. Examples can be found in which the multiplexing is achieved by moving the film3, by displacing the projection of object beam and /or reference beam4,5,8 or by a combination of both methods7. In the present application, on the other hand, it was found advantageous to use the technique of spatial frequency multiplexing, in which the reference beam is projected onto the whole film from a different direction for each exposure whilst the object beam remains fixed. All images are therefore spatially overlapped, but the angle of incidence OR of the reference beam uniquely identifies a given image by encoding it with a different spatial frequency fy = sin OR /A. Once the film is processed, the direction from which the reconstruction beam is shone on it determines which image is observed.
The use of spatial frequency multiplexing has several advantages. Firstly, the optical path for the focused object beam, which is critical in terms of alignment and quality of components, does not need to be altered. The only beam which is involved in the scanning is the reference beam, which can be routed much more easily along any desired path. Secondly, the fact that the images are spatially overlaid on a single area of film simplifies the design of the film holder and reduces the chance of vibrations. Thirdly, the photographing or video acquisition of the reconstructed images requires a simple arrangement, since the relative positions of hologram and camera can be fixed and the desired frame selected by redirecting the reconstruction beam. This technique also uses the holographic medium's remarkable storage potential more fully than spatial multiplexing.
The major drawback of spatial frequency multiplexing is the fact that only a portion of the dynamic range of the film can be used to record each of the overlapping images. This results in a deterioration of the efficiency of the holograms as the number of frames is increased. Nevertheless, sequences of several frames of good quality can be recorded on standard holographic film, and thicker photographic emulsions can further increase the storage capability if necessary. Another possible problem is cross -talk between different holograms in the series.3 Because in the present case the object beam records a focused image on film, any brightness feature of the image which is specific to a given frame (for instance, the shape of a changing object) may appear as a ghost image in other frames. If the features of interest are intrinsically phase phenomena, as in holographic interferometric recording of shock waves in air, this fact has little influence. When recording amplitude phenomena, such as a shock front visualized through a schlieren system, bleaching the hologram may be of some help in reducing the influence of the direct image on film.
ORIGINAL IMPLEMENTATION AND RESULTS
The system was designed around the versatile optical apparatus of the Shock Studies Laboratory at the University of Victoria, which has traditionally been used for shadowgraphic and multiple -frame schlieren recordings8 and has subsequently been adapted by van Netten9 for holographic interferometric work. The holographic light SPIE Vol. 1032 High Speed Photography and Photonics (1988) / 579 between the two pulses with the exception of the phenomenon itself unless the introduction of additional fringes is sought for specific purposes.
Phenomena such as shock wave reflections in a shock tube, which evolve in a few milliseconds, are most conveniently studied by taking a series of photographic recordings separated by time intervals of the order of a few tens of microseconds. The use of a strobed light source with narrow pulse width, such as a ruby laser, effectively freezes the moving wave in each frame with a minimal amount of smear. Separation of individual frames is conventionally achieved by storing them on different areas of the recording medium (spatial multiplexing), either by displacing the film itself or by sweeping the image, via a rotating prism, along a stationary film mounted on a cylindrical surface. Holographic interferometric studies of shock tube flows, on the other hand, are customarily conducted by recording a single frame during an experiment, and relying on a series of similar experiments to build a temporal sequence by progressively delaying the laser pulse. 2 Apart from the inconvenience of having to fire the shock tube several times, the accuracy of this approach is limited by the lack of absolute repeatability of the experiments. The work presented here is part of an ongoing project aimed at converting a single-frame holographic interferometer to a practical multiplexed recording system.
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The major drawback of spatial frequency multiplexing is the fact that only a portion of the dynamic range of the film can be used to record each of the overlapping images. This results in a deterioration of the efficiency of the holograms as the number of frames is increased. Nevertheless, sequences of several frames of good quality can be recorded on standard holographic film, and thicker photographic emulsions can further increase the storage capability if necessary. Another possible problem is cross-talk between different holograms in the series.3 Because in the present case the object beam records a focused image on film, any brightness feature of the image which is specific to a given frame (for instance, the shape of a changing object) may appear as a ghost image in other frames. If the features of interest are intrinsically phase phenomena, as in holographic interferometric recording of shock waves in air, this fact has little influence. When recording amplitude phenomena, such as a shock front visualized through a schlieren system, bleaching the hologram may be of some help in reducing the influence of the direct image on film.
ORIGINAL IMPLEMENTATION AND RESULTS
The system was designed around the versatile optical apparatus of the Shock Studies Laboratory at the University of Victoria, which has traditionally been used for shadowgraphic and multiple-frame schlieren recordings8 and has subsequently been adapted by van Netten9 for holographic interferometric work. The holographic light source is a ruby laser, multiply Q-switched by a transverse Pockels cell at rates of up to 20 kHz. A typical pulse width is in the order of 50 to 100 ns. To implement the multiplexing scheme, the reference beam was reflected off a flat, double -faced rotating mirror and on to a cylindrical mirror that redirected the beam onto the same area of film (figure 1). The optomechanical system is similar in concept to the one described by Lowe10, except that a continuous reflecting surface was used in place of individual plane mirrors to direct the beam onto the film. A combination of lenses placed before the spinning mirror was used to collimate the reference beam in the plane of the sweep after reflecting off the cylindrical mirror. This gave the reference wave at the film plane a single instantaneous spatial frequency in the direction of the scan, improving the capability of angular discrimination between frames. The spinning mirror rotated typically at 18,000 RPM, turning the reference beam at twice that rate. The useful angular range of approximately 110° (determined by the curved mirror) was covered in about 500 ps, allowing the recording of some 10 frames at 50 ps intervals. Q)- The start of the train of equally spaced pulses that drive the Pockels cell was synchronized with a timing signal produced when either face of the rotating mirror reached the beginning of the useful scan angle. Assuming a constant rotation rate, the angles at which the reference beam pulses were directed was therefore repeatable from scan to scan. This was essential to the recording of sequences of holographic interferograms, since the film must be exposed by two perfectly overlapping sweeps, one taken during the phenomenon and the other when the field is stable. As an added measure toward ensuring proper registration, the reference exposure was taken after the phenomenon exposure and the synchronization electronics were designed to select for the second sweep the same face of the mirror that was involved in the first.
This system has been used to record holographic sequences both in single -sweep operation and in the full double -sweep mode. In the former, the optical path of the object beam was configured as a schlieren system by introducing an aperture at a focal point, thereby blocking those rays that had been deviated by the phenomenon and hence revealing shock fronts as dark lines. The holographic recording was used in this case as a convenient substitute for conventional photography, with the advantages given by spatial frequency multiplexing. Figure 2 shows three frames, spaced 200 ps apart, from a sequence taken at 10,000 pictures per second on Kodak SO -173 film. In the first and third frames, the "ghost" of the shock image in the second frame -which left a rather marked impression on the holographic film -can be discerned. More significant is the double -sweep mode of operation, which results in a set of time -evolving maps of the density distribution in the field of view. Figure 3 is a frame from such a sequence, again taken at a rate of 10,000 pictures per second. Technical difficulties, to be discussed below, have limited the number of high quality frames. Nevertheless, the feasibility and the potential of the method are demonstrated by the results obtained.
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SHORTCOMINGS OF THE ORIGINAL SYSTEM

Synchronization with the phenomenon
Because the swept beam from the free-running mirror does not reach the film at all times, proper timing of the event to be recorded with respect to the useful sweep is not assured with the equipment described above. No mechanical device generally available allows the sweep to be initiated synchronously with an external event whilst achieving the required speed, range and linearity in the short time involved. Conversely, it is not possible to synchronize the generation of the shock wave with the rotation of the mirror because of the variations in the burst characteristics of the plastic diaphragm used to initiate the wave. The flashtube which "pumps" the ruby rod is triggered at an appropriate time before the shock wave reaches the test section, independently of the position of the mirror. The actual pulsing of the laser is linked to the mirror reaching the start of its useful sweep angle. It is clearly up to chance whether the two events will occur in sufficient coincidence to capture a reasonable portion of the phenomenon. The reference sweep, on the other hand, can be reliably synchronized on the basis of the mirror position alone. Given the practical impossibility of linking the start of the sweep to the arrival of the shock wave, the lack of continuous coverage is clearly the most severe shortcoming of the original design.
A possible design for a mechanical scanning system that keeps the beam always on the film, thus assuring the capture of the event, is shown in figure 4 . It uses a nutating mirror that redirects the reference beam onto a set of plane mirrors set in a circular arrangement, and thence onto the film. Depending on the duration of the pulse train and the speed of the mirror, only a subset of all of the mirrors may be involved in one recording sweep. The subsequent reference exposure sweep must then subtended the same angular segment. A precise angular encoder and related control logic would be needed to pulse the laser in exact correspondence to the appropriate mirrors (see subsection 4.2). This system would not eliminate the problem of time smear, to be discussed in subsection 4.3. 
Angular registration
Proper registration of the mirror over the whole sweep angle is important in the configurations described above because small variations in mirror speed can occur over the ten seconds that separate the two exposures, which is the time necessary for the ruby laser firing capacitors to recharge. Even a very small angular shift between the two exposures will introduce a regular pattern of straight fringes, parallel to the axis of the rotating mirror, in the reconstructed image. These finite fringes may be purposely introduced in holographic interferograms to enhance certain characteristics of the field, but their usefulness depends on the control that can be exercised over their orientation and spacing. As a by-product of poor registration, they are merely detrimental.
It has been found that the registration between sweeps is good for the pulse that occurs in coincidence with the synchronization signal that marks the start of the sweep. Subsequent doublets of pulses from the two exposures may drift further apart. As an alternative to making the mirror speed absolutely uniform, not an easy task unless specialized synchronous motors are used, it is possible to link the laser pulse spacing to the rate of rotation of the mirror so that the angular separation between pulses is constant. To this end, a high -resolution angular encoder such as the Hewlett -Packard HEDS -5500 could be used to control the Pockels cell.
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It has been found that the registration between sweeps is good for the pulse that occurs in coincidence with the synchronization signal that marks the start of the sweep. Subsequent doublets of pulses from the two exposures may drift further apart. As an alternative to making the mirror speed absolutely uniform, not an easy task unless specialized synchronous motors are used, it is possible to link the laser pulse spacing to the rate of rotation of the mirror so that the angular separation between pulses is constant. To this end, a high-resolution angular encoder such as the Hewlett-Packard HEDS-5500 could be used to control the Pockels cell.
Time smear
When reconstructing swept -beam holograms, it was noticed that the images often appeared bright near the vertical centreline of the viewfield but became dark toward the lateral edges, so that only a portion of the field could be discerned. Moreover, even in single -sweep sequences many frames contained fringes similar to those that could be expected from a double exposure with poor registration. The presence of fringes was always accompanied by the lateral drop in brightness. It was verified that running the mirror at a lower speed alleviated the problem, and stopping the scan eliminated it altogether. This pointed to a form of time smear due to the continuous alteration of some characteristic of the optical path (in this case, the reference beam angle) whilst the hologram was being recorded by a pulse of finite width.
Consider a reference beam that is angularly swept with speed w so that it reaches the film at an angle 0o + wt with respect to the normal. In keeping with the convention used by Vestir, whose notation is followed here, the film is assumed to lie in the x -y plane, whilst the reference beam is swept in the y -z plane. The y direction is taken to be across the width of the image projected on film. If A(t) is the amplitude modulation function defining the time profile of a laser pulse, then the object wave can be expressed as A(t)Uo(x, y) and the plane reference wave as
A(t)aR exp[i2ir fy(t)y]
where the spatial frequency fy(t) of the swept reference beam is given by fy(t) = sin(Bo + wt)/a.
The squared magnitude of the superposition of (1) and (2) gives the instantaneous irradiance at the film plane, I(x, y, t). The film is exposed to the irradiance pattern for the time interval -A/2 < t < A/2 and then developed, so that its amplitude transmittance is proportional to the integral of the instantaneous irradiance over that period.
t(x, y) = tb + 0 I(x, y, t)dt. (4) The integral is simplified by assuming that the angle wA is small (a very reasonable assumption) and using a first -order approximation. is a close image at (6) In the above, ß2a,2a2R IU0(x, y)12 is the expression for the ordinary irradiance of the reconstructed image, to which is applied a modulation factor due to time smear.
A suitable mathematical expression modeling A(t) can be introduced in the formula at this stage to obtain an analytical description of the effect of time smear, or the integral can be solved numerically for a digitized laser pulse time profile and evaluated at various points of the image plane. A reasonably realistic analytical model, which SP /E Vol 1032 High Speed Photography and Photonics (1988) / 583
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The squared magnitude of the superposition of (1) and (2) gives the instantaneous irradiance at the film plane, /(#, y, t). The film is exposed to the irradiance pattern for the time interval A/2 < t < A/2 and then developed, so that its amplitude transmittance is proportional to the integral of the instantaneous irradiance over that period.
The integral is simplified by assuming that the angle ujA is small (a very reasonable assumption) and using a first-order approximation.
Multiplying the amplitude transmittance by a reconstructing plane wave incident at angle OQ , / sin 00 \ /c v a c exp 22?r y 1 ,
yields an expression for the reconstructed wavefront at the film plane. One component of this wavefront is a close replica of the original object wave U 0 ; its squared magnitude gives the irradiance of the reconstructed image at the hologram plane:
Az (t)exp -z27T -y dt
A/2 (6) In the above, /?2 a 2 a^ |U 0 (x, y)| is the expression for the ordinary irradiance of the reconstructed image, to which is applied a modulation factor due to time smear.
A suitable mathematical expression modeling A(t) can be introduced in the formula at this stage to obtain an analytical description of the effect of time smear, or the integral can be solved numerically for a digitized laser pulse time profile and evaluated at various points of the image plane. A reasonably realistic analytical model, which As 7 is reduced, which indicates a shortening of the pulse width or a reduction of the beam sweep rate during the exposure, the model predicts that fringes spread apart and intensity drop diminishes, in agreement with the observed behavior. In the limit for 7 0 the modulating factor becomes unity, giving back the classical result for a non -swept hologram.
Eisfeld12 has described a spinning mirror camera design in which an oscillating mirror counteracts the angular motion of the beam during exposure, thus reducing image smear. A similar arrangement could be used here, but the complexity of achieving the required oscillation rate and synchronization whilst retaining good registration from sweep to sweep makes the prospect appear impractical when considering the other problems of the spinning mirror design in the present application. As 7 is reduced, which indicates a shortening of the pulse width or a reduction of the beam sweep rate during the exposure, the model predicts that fringes spread apart and intensity drop diminishes, in agreement with the observed behavior. In the limit for 7 > 0 the modulating factor becomes unity, giving back the classical result for a non-swept hologram.
Eisfeld 12 has described a spinning mirror camera design in which an oscillating mirror counteracts the angular motion of the beam during exposure, thus reducing image smear. A similar arrangement could be used here, but the complexity of achieving the required oscillation rate and synchronization whilst retaining good registration from sweep to sweep makes the prospect appear impractical when considering the other problems of the spinning mirror design in the present application.
THE SOLID STATE APPROACH
All the shortcomings mentioned above can be eliminated in principle by using a solid state device to direct the reference beam. Solid state positioning allows the beam to be reoriented in a very short time and with great accuracy. With such a technique, the synchronization of the "sweep" with an external event poses no problem. Moreover, the optical path of the reference beam can be altered in the time intervals between laser pulses and left stationary during exposures, eliminating time smear. Finally, the accuracy of positioning allows virtually perfect registration.
Lauterborn and Ebeling' have designed a solid -state spatial frequency multiplexing system using an acoustooptical (AO) deflector, a medium that under the influence of frequency-modulated ultrasonic waves alters its light refracting characteristics. Because of the rather small deflection angles that can be obtained with these devices, it is impractical to orient the beam along more than a small number of different directions. Also, the driving system for the AO cell is complex, and the ultrasonic modulation frequency may cause deterioration of holographic image quality under some circumstances. 13 Recent improvements in the technology of electro-optical shutters using ferroelectric liquid crystals (FLCs) are making increasingly practical and convenient a different design for solid -state reference beam addressing, whose basic layout is shown in figure 6 . This system eliminates the need for a variable deflector by constantly routing Implementation of a prototype solid -state FLC multiplexing system capable of six exposures at 75 to 100 ps spacing is projected for the near future. Subdividing the reference beam into several rays should not create any difficulty in recording the holograms, since sufficient power is delivered by the ruby laser. The intensity of the object beam will have to be made comparable to that of each individual reference ray by a suitable choice of the primary beam splitter at the laser output.
The simultaneous presence of the reference beam on all the paths, which is characteristic of the shutter -based design, can be exploited quite advantageously. The reference exposure for holographic interferometry, that with SPIE Vol 1032 High Speed Photography and Photonics (1988) / 585
accuracy. With such a technique, the synchronization of the "sweep" with an external event poses no problem. Moreover, the optical path of the reference beam can be altered in the time intervals between laser pulses and left stationary during exposures, eliminating time smear. Finally, the accuracy of positioning allows virtually perfect registration.
Lauterborn and Ebeling3 have designed a solid-state spatial frequency multiplexing system using an acoustooptical (AO) deflector, a medium that under the influence of frequency-modulated ultrasonic waves alters its light refracting characteristics. Because of the rather small deflection angles that can be obtained with these devices, it is impractical to orient the beam along more than a small number of different directions. Also, the driving system for the AO cell is complex, and the ultrasonic modulation frequency may cause deterioration of holographic image quality under some circumstances. 13 Recent improvements in the technology of electro-optical shutters using ferroelectric liquid crystals (FLCs) are making increasingly practical and convenient a different design for solid-state reference beam addressing, whose basic layout is shown in figure 6 . This system eliminates the need for a variable deflector by constantly routing an equal portion of the reference beam through all the paths via a stack of suitably graded beam splitters. A FLC shutter placed in each path prevents the light from reaching the film except when that path is selected. FLC devices that have a clear aperture of 0.50" and are fast enough to commute the beam path in the 100 /^s or less between laser pulses are now becoming available. These devices are relatively inexpensive and very easily driven with low-voltage (±15 V) signals. The optical power level of the subdivided and expanded beam that impinges on the shutters is well within their handling capability. One FLC shutter has been acquired and tested for optical quality and switching characteristics, and found to be reasonably satisfactory. The open/closed contrast ratio and the response time of fast FLC shutters are undergoing constant improvement.
Implementation of a prototype solid-state FLC multiplexing system capable of six exposures at 75 to 100 fis spacing is projected for the near future. Subdividing the reference beam into several rays should not create any difficulty in recording the holograms, since sufficient power is delivered by the ruby laser. The intensity of the object beam will have to be made comparable to that of each individual reference ray by a suitable choice of the primary beam splitter at the laser output.
The simultaneous presence of the reference beam on all the paths, which is characteristic of the shutter-based design, can be exploited quite advantageously. The reference exposure for holographic interferometry, that with any other beam addressing system would have to be recorded with one pulse per frame during a separate sweep, can be simultaneously impressed on all frames by opening all the shutters during the first pulse in a train. Successive pulses can then be suitably addressed along each path in sequence to record the phenomenon. This will cause the restitution of all the reference beams as part of the reconstruction of each frame, but these beams are angularly separated from the object beam and can therefore be blocked from view. Not only does this method avoid the overlap of multiple object beam images on film during separate reference exposures (which is deleterious to overall hologram brightness), but it also allows the reference exposure for a shock tube experiment to be taken just before the shock wave reaches the window section. Van Netten9 has reported that such a close timing may be required to eliminate spurious fringes caused by the recoiling of the shock tube.
any other beam addressing system would have to be recorded with one pulse per frame during a separate sweep, can be simultaneously impressed on all frames by opening all the shutters during the first pulse in a train. Successive pulses can then be suitably addressed along each path in sequence to record the phenomenon. This will cause the restitution of all the reference beams as part of the reconstruction of each frame, but these beams are angularly separated from the object beam and can therefore be blocked from view. Not only does this method avoid the overlap of multiple object beam images on film during separate reference exposures (which is deleterious to overall hologram brightness), but it also allows the reference exposure for a shock tube experiment to be taken just before the shock wave reaches the window section. Van Netten9 has reported that such a close timing may be required to eliminate spurious fringes caused by the recoiling of the shock tube.
